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ABSTRACT
We report Submillimeter Array molecular line observations in the 345 GHz band of five massive dense
cores, Cyg-N38, Cyg-N43, Cyg-N48, Cyg-N51, and Cyg-N53 in the DR21 filament. The molecular
line data reveal several dynamical features of the cores: (1) prominent outflows in all cores seen in the
CO and SiO lines, (2) significant velocity gradients in Cyg-N43 and Cyg-N48 seen in the H13CN and
H13CO+ lines suggesting 0.1-pc-scale rotational motions, and (3) possible infalls in Cyg-N48 found in
the SiO and SO lines. Comparing the molecular line data and our dust polarization data in Ching et al.
(2017), we find that the gradients of line-of-sight velocities appear to be randomly oriented relative to
the plane-of-sky magnetic fields. Our simulations suggest that this random alignment implies parallel
or random alignment between the velocity gradients and magnetic fields in the three dimensional
space. The linewidths of H13CN emission are consistently wider than those of H13CO+ emission in
the 3′′–10′′ detectable scales, which can be explained by the existence of ambipolar diffusion with
maximum plane-of-the-sky magnetic field strengths of 1.9 mG and 5.1 mG in Cyg-N38 and Cyg-N48,
respectively. Our results suggest that the gas dynamics may distort the magnetic fields of the cores
of into complex structures and ambipolar diffusion could be important in dissipating the magnetic
energies of the cores.
Keywords: ISM: clouds – ISM: individual objects (DR 21) – ISM: kinematics and dynamics – stars:
formation – submillimeter: ISM
1. INTRODUCTION
Massive dense cores (0.1–0.2 pc, & 100 M, ∼ 106
cm−3) are the birth places of high-mass stars together
with a cluster of low-mass stars (Motte et al. 2007, 2017).
Observations have revealed that massive dense cores are
dynamical with motions including rotations, infalls, and
outflows (Zhang & Ho 1997; Zhang et al. 1998; Csengeri
et al. 2011b; Beuther et al. 2013; Zhang et al. 2014) and
magnetized with magnetic field strengths of 0.1 to few
mG (Lai et al. 2001; Falgarone et al. 2008; Girart et al.
2009; Tang et al. 2009; Girart et al. 2013; Qiu et al. 2013;
Frau et al. 2014; Houde et al. 2016; Ching et al. 2017).
As the approximate equal partition of the kinematic
and magnetic energies implies important roles of both
gas dynamics and magnetic fields in the evolution of mas-
sive dense cores (Girart et al. 2013; Qiu et al. 2013; Frau
et al. 2014; Sridharan et al. 2014; Ching et al. 2017), the
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through various MHD processes such as ambipolar diffu-
sion (Ostriker et al. 2001; Li et al. 2008; Basu et al. 2009;
Chen & Ostriker 2015), reconnection diffusion (Lazar-
ian et al. 2012; Xu & Lazarian 2016; Kowal et al. 2017;
Mocz et al. 2017), magnetic braking (Mellon & Li 2008;
Li et al. 2011; Seifried et al. 2012), and magnetic-field-
rotation misalignment (Ciardi & Hennebelle 2010; Joos
et al. 2012; Li et al. 2013) should also play important
roles in the cores.
To study the interactions between gas dynamics and
magnetic fields, we first investigate the alignment be-
tween velocity gradients and magnetic fields. In strong
MHD turbulence, the motion of Alfve´nic turbulent eddy
is preferentially perpendicular to the direction of local
magnetic fields (Goldreich & Sridhar 1995; Lazarian &
Vishniac 1999; Cho & Vishniac 2000). Owing to this
preferential direction of motion, MHD simulations sug-
gest a velocity gradient technique to probe magnetic
field orientations based on the expectation of perpen-
dicular alignment between velocity gradients and mag-
netic fields in the regions without significant self-gravity
(Gonza´lez-Casanova & Lazarian 2017; Lazarian & Yuen
2018). The application of the velocity gradient technique
to GALFA HI and PLANCK polarization data further
reveal a perpendicular alignment between velocity gra-
dients and magnetic fields in the diffuse regions of in-
terstellar medium (Yuen & Lazarian 2017a). For the
regions dominated by self-gravity, collapsing material is
expected to drag relatively weak magnetic fields, and the
velocity gradients hence are suggested to become paral-
lel aligned to magnetic fields (Yuen & Lazarian 2017b;
Lazarian & Yuen 2018). In this work, we compare the
velocity gradients obtained from molecular line data to
the magnetic fields obtained from dust polarizations in
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2the self-gravitating massive dense cores.
In addition, we study the linewidth difference between
neutral and ionic molecular line profiles. In low ioniza-
tion medium, ions are tied to magnetic fields, and neu-
trals are weakly decoupled from magnetic fields. This de-
coupling, or ambipolar diffusion (Mestel & Spitzer 1956),
allows neutrals to move faster than ions, resulting in a
wider linewidth of neutrals than that of ions (Shu 1991).
The early observational works of Houde et al. (2000a,b)
and Lai et al. (2003) showed that the molecular ions in-
deed exhibit narrower line profiles compared to those of
coexistent neutral molecules. Li & Houde (2008) later
established a new technique to estimate magnetic field
strength through comparing the linewidths of ionic and
neutral line profiles. They noted a constant difference be-
tween the HCN/HCO+ 4–3 velocity dispersions in M17
at different spatial scales (i.e., velocity dispersion spec-
trum). They interpreted the constant difference as the
energy dissipation through ambipolar diffusion and esti-
mated a plane-of-the-sky magnetic field strength of ∼ 1
mG in M17. The analysis of velocity dispersion spectrum
has been performed in the massive dense cores Cyg-N44
(alias DR21(OH)) and Cyg-N53 of the DR21 filament,
revealing magnetic field strengths of 1.7 and 0.76 mG in
the two cores, respectively (Li et al. 2010; Hezareh et al.
2010; Hezareh et al. 2014). The magnetic field strength of
Cyg-N44 derived from the velocity dispersion spectrum
is consistent with the 1.7–2.1 mG derived from the angu-
lar dispersion function of dust polarization observations
(Girart et al. 2013; Ching et al. 2017). In this work,
we attempt to measure the magnetic field strengths of
the second to the sixth most massive cores in the DR21
filament.
DR21 filament (Figure 1) is a well studied high-mass
star-forming region, located inside the Cygnus X molec-
ular cloud complex (Motte et al. 2007; Roy et al. 2011)
at a distance of 1.4 kpc (Rygl et al. 2012). Herschel ob-
servations unveil that DR21 filament has a ridge of 4 pc
length and 15000 M mass, connected by several subfila-
ments with masses between 130 to 1400 M (Hennemann
et al. 2012). Molecular line observations reveal global in-
fall motions of the DR21 filament, driven by continuous
mass flows from the subfilaments onto the main filament
(Schneider et al. 2010). Dust continuum maps of the
DR21 filament discovered 12 massive dense cores (Motte
et al. 2007). The massive dense cores drive active out-
flows (Davis et al. 2007; Motte et al. 2007; Duarte-Cabral
et al. 2013, 2014) and masers (Braz & Epchtein 1983; Ar-
gon et al. 2000; Pestalozzi et al. 2005), indicating recent
high- to intermediate-mass star formation.
We present the Submillimeter Array (SMA) 880 µm
dust polarization observations of massive dense cores in
the DR21 filament in Ching et al. (2017, hereafter Pa-
per I), which shows that the magnetic energy decreases
from the filament to the cores and the ratio of kine-
matic energy to magnetic energy in massive dense cores
is about 6, indicating that kinematics is more important
than magnetic fields in the formation of massive dense
cores. Here, we present SMA molecular line observations
in the 345 GHz band toward massive dense cores Cyg-
N38 (alias DR21(OH)-W), Cyg-N43 (W75S-FIR1), Cyg-
N48 (DR21(OH)-S), Cyg-N51 (W75S-FIR2), and Cyg-
N53. The observations and data reduction are described
in Section 2. Section 3 presents the spectra and maps of
the detected molecular lines. In Section 4, we combine
the molecular line data and the dust polarization data in
Paper I to explore the interactions between gas dynamics
and magnetic fields in the cores. We discuss the dynamic
properties and the magnetic fields of the cores in Section
5 and outline the main conclusions in Section 6.
2. OBSERVATIONS AND DATA REDUCTION
The five massive dense cores have been observed from
2011 to 2015 with the SMA10 (Ho et al. 2004) in the 345
GHz band. The pointing centers of the sources are listed
in Table 1. The dates, array configurations, sources,
and calibrators of the observations were listed in Table 1
of Paper I. The observations of Cyg-N38, Cyg-N48 and
Cyg-N53 were carried out with a single receiver, and the
observations of Cyg-N43 and Cyg-N51 were carried out
with dual receivers11. The single-receiver observations
had a bandwidth of 4 GHz in each sideband, covering
the 332–336 GHz frequencies in the lower sideband and
the 344–348 GHz frequencies in the upper sideband. The
dual-receiver observations utilize the correlator to detect
four polarization correlations (RR, LL, RL, LR) simulta-
neously, thus only cover the 334–336 GHz and 344–346
GHz frequencies. With the ASIC correlator, the velocity
resolutions of the single- and dual-receiver observations
were 0.7 km s−1 and 1.4 km s−1, respectively.
The data were calibrated in the IDL MIR package for
flux, bandpass, and time-dependent gain, and were ex-
ported to MIRIAD for imaging processes. The detailed
description of the data reduction were reported in Pa-
per I. To generate the molecular line maps, the contin-
uum emission in the visibility data was removed with the
MIRIAD task UVLIN. Self-calibration using strong con-
tinuum emission was applied to the molecular line data.
Table 2 gives the rest frequencies, transitions, upper en-
ergy levels, and critical densities of the molecular lines
detected in the observations. The synthesized beams,
position angles (P.A.), and rms noises of the molecular
line images presented in this paper are summarized in
Table 3.
3. RESULTS
We present the spectra of the detected lines in the five
massive dense cores in Figure 2. The molecular lines of
CH3OH 71,7–61,6 A
+, SO 88–77, H
13CN 4–3, and CO
3–2 are detected in all sources. SO 98–87, H
13CO+ 4–3,
and SiO 8–7 lines are detected in Cyg-N38, Cyg-N48, and
Cyg-N53. Although the SO 98–87 line is blended with the
SO2 164,12–163,13 line at 346.524 GHz (differ by ∼ 4 km
s−1), we denote that the detection should mostly come
from SO molecule since the upper energy level of the SO2
line is about two times higher than the SO line. In spite
of having a smaller bandwidth of the observations, the
line emission of Cyg-N43 and Cyg-N51 is weaker than the
other cores, indicating the poorest chemistry of the two
cores. Cyg-N38 and Cyg-N48 appear to be slightly more
10 The Submillimeter Array is a joint project between the Smith-
sonian Astrophysical Observatory and the Academia Sinica Insti-
tute of Astronomy and Astrophysics and is funded by the Smith-
sonian Institution and the Academia Sinica.
11 The dual-receiver observations of Cyg-N44 and Cyg-N53 were
used in Paper I to produce dust polarization data but not used in
this paper to produce molecular line data.
3rich than Cyg-N43 and Cyg-N51. Cyg-N53 is the chemi-
cally richest core among the five cores with the detections
of HDCO 51,4–41,3, HC
15N 4–3, and SO2 191,19–180,18
lines (Figure 3), although Cyg-N53 is still less rich than
Cyg-N44 in the DR21 filament (Girart et al. 2013). The
spectra of CH3OH, SO, H
13CN, and H13CO+ molecules
show narrow single-peaked profiles, whereas the CO and
SiO molecules show broad profiles, indicating different
origins of these two groups of molecules.
Figure 4 shows the velocity integrated intensity maps
of the CH3OH, SO, H
13CN, and H13CO+ lines in the
five massive dense cores, overlapped with the dust 880
µm continuum emission. The critical densities of the
CH3OH, SO, H
13CN, and H13CO+ lines are 105–107
cm−3, which are similar to the average densities at an
order of 106 cm−3 derived from the dust emission (Pa-
per I). The emission of the H13CN and H13CO+ lines
exhibits compact morphology with sizes and peaks simi-
lar to those of dust emission, indicating that the H13CN
and H13CO+ lines trace dense cores better than the
other lines. Since the 80–90 K upper energy levels of
the CH3OH and SO lines are about a factor of 2 higher
than those of the H13CN and H13CO+ lines, the CH3OH
and SO lines trace warmer regions than the H13CN and
H13CO+ lines. The CH3OH and SO emission is more
extended than the H13CN and H13CO+ emission in Cyg-
N38 and Cyg-N48, but the CH3OH and SO emission is
more compact than the H13CN and H13CO+ emission
in Cyg-N43 and Cyg-N51, suggesting that Cyg-N38 and
Cyg-N48 are warmer than Cyg-N43 and Cyg-N51.
Figure 5 shows the velocity integrated intensity maps
of the CO 3–2 and SiO 8–7 red- and blue-shifted emis-
sion in the massive dense cores. Owing to the complex
structures in the low-velocity CO emission, the CO red-
and blue-shifted intensity maps were integrated in a high-
velocity range of ∼ 10–100 km s−1 with respect to the
system velocities of the sources, tracing narrow and elon-
gated molecular outflows. On the contrary, SiO high-
velocity emission is weak, and the SiO maps were ob-
tained at velocities below ∼ 10 km s−1 with respect to
the system velocities. Below we present the dynamical
features reveal by the molecular line data in the sources
from north to south.
3.1. Cyg-N53
The CO 3–2 and SiO 8–7 maps (Figure 5) reveal a
pair of red- and blue-shifted outflows in the northeast-
southwest (NE-SW) direction. The direction and the
morphology of the NE-SW outflows are consistent with
those of the CO 2–1 and SiO 2–1 outflows originated
from the fragment Cyg-N53 MM1 (Duarte-Cabral et al.
2013, 2014). Figure 6 shows the intensity-weighted ve-
locity maps in Cyg-N53. There is no prominent velocity
gradient in the core. Figure 7 shows the PV diagrams of
the dense core tracer H13CO+ 4–3, warm gas tracer SO
88–77, and shock tracer SiO 8–7 perpendicular (major
axis) and parallel (minor axis) to the NE-SW outflows.
The PV diagrams reveal SO and SiO gas streams flow-
ing between the core center and a +2–3′′ position offset
along the major axis, beyond the dense core revealed by
the H13CO+ emission. The maximum velocity of the
streams is ∼ 8 km s−1 with respect to the systematic
velocity of Cyg-N53. The total mass of Cyg-N53 is 26
M (Paper I), and the free-fall velocities at distances
from 5000 to 1000 AU of a 26 M central object are 3–
7 km s−1. Considering that the mass within 1000 AU
of the core is much less than 26 M, the infall veloc-
ity of Cyg-N53 should be slower than 7 km s−1. Note
that the spatial resolutions of the observations are 4000-
4900 AU, and thus our data should not be sensitive to
infalling gas within 1000 AU of the core owing to the
limited resolution. Since the SO and SiO gas streams
are faster than the expected infall velocity along with
a position offset from the line of sight of the core, the
SO and SiO emission in Cyg-N53 is more likely tracing
outflows in a direction perpendicular to the NE-SW out-
flows than tracing infalls, and we need observations with
a better angular resolution to resolve the gas dynamics
of the source. The SiO gas stream along the major axis
appears to be the red contours at the southeast part of
the core in our SiO 8–7 map (Figure 5) as well as in the
SiO 2–1 map of Duarte-Cabral et al. (2014).
3.2. Cyg-N51
The CO red- and blue-shifted emission of Cyg-N51
(Figure 5) is weak at the center of the core and become
strong at the northwestern side of the core, suggesting
that the outflows might be launched in a direction close
to the line of sight and be bent into the northwestern
direction at a farther distance from the core. Figure 8
shows the intensity-weighted velocity maps of the source.
There is no clear velocity gradient in the core. Figure 9
shows the PV diagrams perpendicular (major axis) and
parallel (minor axis) to the outflow direction. While the
H13CN PV diagrams appear to be structureless, the SO
PV diagrams present flows with a maximum velocity of ∼
13 km s−1 with respect to the systematic velocity. This
maximum velocity is larger than the 4–9 km s−1 free-fall
velocities at distances from 5000 to 1000 AU of Cyg-N51
with a total mass of 45 M (Paper I). Meanwhile, the
SO emission along the major axis appears to be have a
position offset of +1–2′′. The position offset of the SO
emission is similar to the CO emission which traces out-
flows to farther distances and faster velocities. Therefore,
we speculate that the SO emission of Cyg-N51 is more
likely tracing outflows than infalls.
3.3. Cyg-N43
The CO 3–2 map of Cyg-N43 (Figure 5) reveals an
asymmetric bipolar outflow in the NE-SW direction. The
red-shifted lobe of the outflow exhibits a “C” shape mor-
phology, which might be a result of a collision between
the outflow and ambient gas or a contamination by other
outflows.
Figure 10 shows the intensity-weighted velocity maps
in Cyg-N43. The H13CN intensity-weighted velocities
present a velocity gradient perpendicular to the direction
of the outflows. Meanwhile, the direction of the veloc-
ity gradient is almost parallel to the elongation of the
H13CN, SO, and dust emission. The velocity gradient is
better revealed in the PV diagram along the major axis
of the source (Figure 11) that most of the red-shifted gas
is distributed in the negative position offset, and most
of the blue-shifted gas is distributed in the positive po-
sition offset. Meanwhile, the gas with a faster velocity
distributes at a position closer to the core center. Both
the features indicate a rotational motion of the core.
4Since the red- and blue-shifted peaks in the PV dia-
grams are well resolved, we fit the data with assump-
tions of Keplerian rotations in order to study whether
the motion of the core is rotation and to derive reason-
able bound mass. In Figure 11, we plot the expected PV
curves along the major axis of a Keplerian disk with a
dynamical mass of 4 M/cos(i), where the 4 M is the
typical mass of the fragments inside the Cygnus-X mas-
sive cores (Bontemps et al. 2010) and i is the inclination
angle of the rotation axis with respect to the plane of
the sky. Since the dust and molecular line emission of
Cyg-N43 appears relatively flattened, i should be close
to 0◦. The red- and blue-shifted peaks and the bulges of
the contours pass though the Keplerian curves, indicat-
ing rotational motions of Cyg-N43 with fragments of the
core as the central objects of the rotation. However, the
asymmetric emission in the PV diagram along the minor
axis (Figure 11) indicates that the rotation of Cyg-N43 is
not perfectly Keplerian. The Keplerian-like rotation in a
0.1 pc size have been found in other massive cores IRDC
18223-3 (Fallscheer et al. 2009) and Cyg-N44 (Girart et
al. 2013). Meanwhile, the velocity gradient of 13 km
s−1 pc−1 in Cyg-N43 is similar to the 18 km s−1 pc−1
in Cyg-N44 (Girart et al. 2013). However, the 0.1-pc
Keplerian-like rotation may not represent the final ro-
tation of the protostars, since the fragments inside these
Keplerian-like structures usually have rotational axes not
parallel to those of the 0.1-pc rotations.
3.4. Cyg-N38
The CO and SiO maps (Figure 5) present multiple out-
flows of the source. The CO emission shows clear bipo-
lar outflow in the northwest-southeast (NW-SE) direc-
tion with the peak of the blue-shifted outflow and the
western part of the red-shifted outflow overlapped with
the dust emission peak, suggesting that the NW-SE out-
flows may be launched from a protostar centered in the
core. The SiO emission traces a more compact bipolar
outflow in the north-south direction. The center of the
bipolar outflow is located ∼ 4 arcsecs (5600 au) north of
the core center. There is a third possible bipolar outflow
originated from a southern protostar of Cyg-N38, with
strong CO red-shifted emission in the southwest (SW)
part of the core and weak CO blue-shifted emission at
the center of the core.
Figure 12 shows the intensity-weighted velocity maps
in Cyg-N38. The dense core tracers H13CN and H13CO+
exhibit no clear velocity gradient of the core. The SO
and CH3OH molecules present filamentary emission in
the north, east, and south directions. Figure 13 shows
the PV diagrams along the north-south (N-S) and the
east-west (E-W) directions of the filamentary emission.
The distribution of the SO emission in the dense core
is consistent with that of the H13CO+ emission. The
high-velocity SO gas at ∼ 0′′ position offset traces the
SiO outflows, and the high-velocity SO gas at a +10–
20′′ position offset in the E-W cut traces the NW-SE
CO outflows. Different to the structures of the dense
core and the outflows, the SO emission along the fila-
mentary structures reveal extended emission between a
velocity range of ∼ -2.5 to -4.5 km s−1. The filamentary
structures and the velocity ranges of our SO and CH3OH
results are similar to those of the convergent flows found
in the N2H
+ 1–0 emission (Csengeri et al. 2011a), but
the velocity resolution of our data is not good enough to
resolve the velocity components of the convergent flows.
Considering that the SO and CH3OH lines have upper
energy levels higher than the other detected lines of Cyg-
N38 presented in this work, the origin of the SO and
CH3OH filamentary emission could be associated with
the colliding of the convergent flows.
3.5. Cyg-N48
In this source, the CO and SiO maps (Figure 5) also
present multiple outflows. The CO emission shows a
bipolar outflow centered in Cyg-N48 MM1 with a P.A. of
−28◦, which was already reported in the CO 2–1 maps in
Duarte-Cabral et al. (2013). There is another red-shifted
outflow in the SW direction, which is similar to the CO
2–1 and SiO 2–1 outflows launched form the fragment
Cyg-N48 MM2 (Duarte-Cabral et al. 2013, 2014). The
CO 3–2 blue-shifted emission in the northeastern part
of Cyg-N48 is likely originated from the outflow of the
Spitzer source IS-1 (Duarte-Cabral et al. 2014).
In addition to the SW outflow, the SiO 8–7 emission
(Figure 5) shows a strong component in the center of
the core. The strong component is east-west elongated
with the lowest contours of red- and blue-shifted emission
overlapped with each other. Since the central region of
the strong component do not overlap with any of the
fragments of Cyg-N48, the strong component probably
is not tracing outflows.
Figure 14 shows the intensity-weighted velocity maps
of the CH3OH 71,7–61,6 A
+, SO 88–77, H
13CN 4–3, SO
98–87, and H
13CO+ 4–3 lines. While the CH3OH and
SO molecules reveal complex velocity fields of Cyg-N48,
the dense core tracers H13CN and H13CO+ exhibit a sig-
nificant velocity gradient passing through the red-shifted
eastern peak (labeled as E) and the blue-shifted western
peak (labeled as W). The H13CO+ PV diagram along
the major axis of Cyg-N48 presents a slope of 27 km s−1
pc−1 of the velocity gradient (Figure 15). The E and
W cores on the PV diagram also seem to have a simi-
lar slope, but the E and W cores are not aligned on the
velocity gradient of the whole core. This indicates that
the velocity fields of Cyg-N48 may have a combination
of rotation and other gas dynamics (such as infalls and
convergent flows, see below), instead of a simple pure
rotating core.
In Figure 15, the SO 88–77 and SiO 8–7 emission along
the line of sight of the E and W cores presents high-
velocity components faster than the dense core tracer
H13CO+. We plot the expected PV curves of free-fall ve-
locities for a typical 4 M fragment in the core, which ap-
pear to be similar to the elongated morphology of the SO
and SiO emission at 0 position offset and at the system-
atic velocity of the source. Nevertheless, a mass range of
1 to 10 M can produce similar PV curves, and our data
cannot tell whether the central source of this possible in-
fall is the core as a whole (the total mass of Cyg-N48 is
102 M within a FWHM size of 14000 AU, Paper I) or
the fragments inside the core. If the SO and SiO high-
velocity emission is associated with outflows, the small
position offset of the emission indicates that the outflow
direction should be close to the line of sight. Since the
previous studies of common outflow tracers CO and SiO
with ∼ 1′′ resolution have not found line-of-sight outflows
5in the E and W cores (Duarte-Cabral et al. 2013, 2014),
the SO and SiO high-velocity emission is more likely as-
sociated with infalls than outflows. The global infall of
Cyg-N48 has been found in the H13CO+ emission with
a 28′′ (∼ 0.2 pc) resolution (Csengeri et al. 2011b), and
our SO and SiO maps is probably revealing small-scale
infalls inside the E and W cores. The SiO molecule can
be produced by the destruction of dust grain in shocks
(Schilke et al. 1997; Le Picard et al. 2001; Gusdorf et al.
2008). While SiO emission is commonly found in out-
flows, the SiO emission associated with infalls has been
found in Girart et al. (2016) and Jua´rez et al. (2017).
The intensity maps of the SO and CH3OH molecules
present emission more extended than those of the dense
core tracers H13CN and H13CO+ (Figure 4). In Figure
15, the morphology of the SO emission in the the high-
density regions is consistent with the H13CN emission,
and the SO emission in the extended regions have a veloc-
ity range of ∼ -2.5 to -4.5 km s−1. Similar to the SO and
CH3OH emission in Cyg-N38, the extended structures
and the velocity ranges of the SO and CH3OH emission
in Cyg-N48 are similar to those of the N2H
+ 1–0 conver-
gent flows found in Csengeri et al. (2011a), suggesting
that the SO and CH3OH emission could be associated
with the colliding of the convergent flows.
4. ANALYSIS
4.1. Alignment between Magnetic Fields and Velocity
Gradients
In paper I, we found that the kinematic energy is about
a factor of 6 higher than the magnetic energy. Although
the kinematic energy overwhelms the magnetic energy,
the magnetic fields and velocity gradients could be per-
pendicular aligned in the regions with strong turbulence
(Gonza´lez-Casanova & Lazarian 2017; Yuen & Lazar-
ian 2017a; Lazarian & Yuen 2018) or parallel aligned in
the regions dominated by self-gravity (Yuen & Lazarian
2017b; Lazarian & Yuen 2018). Thus, here we compare
the orientations of magnetic fields to the orientation of
velocity gradients to study the interactions between the
gas dynamics and magnetic fields. Figure 16 displays
the magnetic field orientations inferred from our dust
polarization observations (Paper I) and the velocity gra-
dient orientations derived from the H13CO+ intensity-
weighted velocity maps of Cyg-N38, CygN48, Cyg-N53
and the H13CN intensity-weighted velocity maps of Cyg-
N43 and Cyg-N51, given that the velocities of the H13CN
and H13CO+ lines should represent the velocity fields
of the cores better than other lines. To derive veloc-
ity gradients, we select intensity-weighted velocities on
the intensity-weighted velocity maps with a Nyquist sam-
pling as the polarization segments. Next, the gradients
are computed using second order accurate central differ-
ences in the interior points and first order accurate one-
sides differences at the boundaries 12. In the analysis, we
also include the polarization data and the H13CO+ data
of Cyg-N44 in Girart et al. (2013). Figure 16 shows that
the magnetic fields and velocity fields have both complex
patterns in the cores. The distribution of the position an-
gles of the magnetic field orientations in each core has a
standard deviation of ∼30◦–40◦ (Paper I), and the po-
12 The numpy.gradient routine of python.
sition angles of the velocity gradient orientations have a
similar level of dispersion.
Figure 17 shows the cumulative histograms of the an-
gular differences (θBpos−(∇vlos)pos) between the segments
of magnetic fields and the segments of velocity gradients
shown in Figure 16. Note that the magnetic field revealed
by dust polarization is the plane-of-the-sky component
(Bpos), and the velocity gradient obtained from molec-
ular line is the gradient of line-of-sight velocities (vlos).
Thus, θBpos−(∇vlos)pos is the position angle between Bpos
and the plane-of-the-sky component of the gradient of
vlos. To study the projection effect from the magnetic
field and gradient of vlos in three-dimensional space to
the θBpos−(∇vlos)pos on the plane of sky, we adopt the
Monte Carlo simulations of Hull et al. (2014). The sim-
ulations randomly select pairs of vectors in three dimen-
sions that are aligned within 0◦–20◦, 0◦–45◦, 70◦–90◦,
or random alignment of one another, and then measure
the angular differences between the projected vectors on
the plane of sky. The resulting cumulative distribution
functions of the simulations are shown in Figure 17. The
histogram of θBpos−(∇vlos)pos in the six cores is more close
to the simulations of random alignment than the other
simulations, indicating that the magnetic fields and the
gradients of vlos of the massive cores do not strongly
correlate to each other. We further study the alignment
between magnetic fields and gradients of vlos in the re-
gions with significant velocity gradients. The shadowed
regions in Figure 16 represent the regions with maximum
velocity gradients in Cyg-N43, Cyg-N44, and Cyg-N48,
and the θBpos−(∇vlos)pos obtained in the shadowed regions
are plotted as the dashed histogram in Figure 17. The
dashed histogram is more close to the simulation of 0◦–
45◦ alignment than the solid histogram, indicating that
the magnetic fields and the gradients of vlos are more
likely be parallel in the regions with significant velocity
gradient than the other regions of the cores.
Note that the gradient of vlos (∂vz/∂x, ∂vz/∂y,
∂vz/∂z; where the x, y, z represent the coordinates of
R.A., Dec, and line of sight) is different from the gra-
dient of total velocity (∂vx/∂x + ∂vy/∂x + ∂vz/∂x,
∂vx/∂y+∂vy/∂y+∂vz/∂y, ∂vx/∂z+∂vy/∂z+∂vz/∂z),
and the simulations in Figure 17 study the alignment be-
tween magnetic fields and gradients of vlos, not the align-
ment between magnetic fields and gradients of total ve-
locity. We carry out additional simulations to investigate
whether the θBpos−(∇vlos)pos can be used to study the
alignment between magnetic fields and gradients of total
velocity. First, we generate a three-dimensional vector
composed by a set of nine random numbers to represent
the ∂vx/∂x, ∂vy/∂x, ∂vz/∂x, ∂vx/∂y, ∂vy/∂y, ∂vz/∂y,
∂vx/∂z, ∂vy/∂z, and ∂vz/∂z in the gradient of total
velocity. Second, we randomly generate another three-
dimensional vector to represent the magnetic field. If the
first vector and the second vector are aligned within 0◦–
45◦ or 70◦–90◦, we measure the θBpos−(∇vlos)pos between
the vector (∂vz/∂x, ∂vz/∂y) and Bpos. We also measure
the θBpos−(∇vlos)pos between the vector (∂vz/∂x, ∂vz/∂y)
and the vector (∂vx/∂x + ∂vy/∂x + ∂vz/∂x, ∂vx/∂y +
∂vy/∂y + ∂vz/∂y) to present a perfect alignment be-
tween magnetic field and gradient of total velocity. The
comparisons of the simulated θBpos−(∇vlos)pos from the
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from the alignment of magnetic fields and gradients of
total velocity are shown in Figure 18. The difference
between the 0◦–45◦ and 70◦–90◦ alignments in the simu-
lations of magnetic fields and gradients of total velocity is
less significant than those in the simulations of magnetic
fields and gradients of vlos. Meanwhile, for the same kind
of alignment, the θBpos−(∇vlos)pos from the simulations of
magnetic fields and gradients of total velocity is always
closer to the diagonal cumulative distribution function
than the simulations of magnetic fields and gradients of
vlos. Since the diagonal cumulative distribution function
represents random alignment, the θBpos−(∇vlos)pos is not
very sensitive to distinguish whether magnetic fields and
gradients of total velocity are parallel aligned, randomly
aligned, or perpendicular aligned.
The histogram of the observed θBpos−(∇vlos)pos is
slightly higher than the diagonal cumulative distribu-
tion function. Although this histogram indicates that the
magnetic fields tend to be randomly aligned to the gradi-
ents of vlos, this histogram cannot constrain whether the
magnetic fields and the gradients of total velocity are
parallel aligned or randomly aligned, since both cases
would generate magnetic fields that appear to be ran-
domly aligned to the gradients of vlos. The histogram
of the observed θBpos−(∇vlos)pos in the regions with sig-
nificant velocity gradients is higher than the simulations
of perfect alignment between magnetic fields and gra-
dients of total velocity. This indicates that in the re-
gions with significant velocity gradients, the correlation
between the gradients of vlos and the gradients of total
velocity is stronger than the assumption used in the sim-
ulations of Figure 18 that the three components in the
gradient of vlos (∂vz/∂x, ∂vz/∂y, ∂vz/∂z) is independent
to the other six components (∂vx/∂x, ∂vy/∂x, ∂vx/∂y,
∂vy/∂y, ∂vx/∂z, ∂vy/∂z) in the gradient of total veloc-
ity. The strong correlation between the gradients of vlos
and the gradients of total velocity could be associated
with the structures of the gas dynamics. For example,
mass flows of disks could have gradients of vlos parallel
to the gradients of total velocity, and the toroidal mag-
netic fields of disks could also be parallel to the gradi-
ents of total velocity. The velocity gradients in Cyg-N44
would be rotation-like motions (Girart et al. 2013), and
the velocity gradients in Cyg-N43 and Cyg-N48 would
be a associated with rotations. Therefore, our results of
the preferentially parallel alignment between magnetic
fields and gradients of vlos in the regions with significant
velocity gradient seem to be consistent with the obser-
vations of toroidal magnetic fields in the rotating cores
(Qiu et al. 2013; Liu et al. 2013; Rao et al. 2014; Stephens
et al. 2014).
4.2. Comparison of H13CN/H13CO+ linewidths
4.2.1. Formalism of deriving magnetic field strength
We adopt the analysis of velocity dispersion spectrum
proposed by Li & Houde (2008) to estimate the plane-
of-the-sky magnetic field strength of the massive dense
cores. Li & Houde (2008) proposed that at length scales
larger than the ambipolar diffusion scale, the velocity
dispersion spectra of coexistent ions and neutrals share
the same power index owing to the flux freezing con-
dition above the ambipolar diffusion scale, but the ion
spectrum is downshifted uniformly relative to that of the
neutrals owing to the occurrence of ambipolar diffusion
at small scales. They suggested Kolmogorov-type power-
law equations to fit the velocity dispersion spectra of ions
(σi) and neutrals (σn) as functions of length scale L by
σ2i (L) = bL
n + a
σ2n (L) = bL
n,
(1)
where the fitting parameters a, b, and n can be used
to determine the ambipolar diffusion decoupling length-
scale LAD and the neutral velocity dispersion VAD fol-
lowing:
LnAD =
−a
b (1− 0.37n)
V 2AD = a+ bL
n
AD.
(2)
Li & Houde (2008) also defined a new effective magnetic
Reynolds number Rm = 4piniµνiLV/B
2 with ion density
ni, mean ion-neutral collision reduced mass µ, and colli-
sion rate νi at characteristic velocity scale V and length
scale L. The Reynolds number represents the relative
importance of magnetic flux freezing to magnetic diffu-
sivity with Rm  1 corresponding to flux freezing con-
dition and Rm < 1 when ambipolar diffusion becomes
important. Since the parameters LAD and VAD repre-
sent the scales where Rm ∼ 1, by substituting ni = nnχe
with ionization fraction χe and neutral volume density
nn, νi = 1.5 × 10−9 nn s−1 (Nakano 1984), one can ob-
tain the plane-of-the-sky magnetic field strength Bpos as
Bpos =
(
LAD
0.5 mpc
)1/2(
VAD
1 km s−1
)1/2
( nn
106 cm−3
)( χe
10−7
)1/2
mG. (3)
4.2.2. Velocity Dispersion Spectra of H13CN/H13CO+ data
We use our H13CN and H13CO+ data to derive the
velocity dispersion spectra and estimate magnetic field
strengths of the sources. Figure 19 shows the correla-
tions between the intensity-weighted velocities of H13CN
and H13CO+ emission in Cyg-N38, Cyg-N48, and Cyg-
N53. The H13CN and H13CO+ emission generally fol-
lows a linear correlation in Cyg-N38 and Cyg-N48, but
not in Cyg-N53. Figure 20 shows the PV diagrams, nor-
malized spectra, and normalized velocity-integrated in-
tensities of the H13CN and H13CO+ lines long the ma-
jor PV cuts of the three sources. The PV diagrams of
the two lines are consistent in Cyg-N38 and CygN48,
but the H13CN line in Cyg-N53 traces velocities faster
than those of the H13CO+ line. The normalized spec-
tra of the two lines have similar linewidths in Cyg-N38
and Cyg-N48, but again, the H13CN linewidth in Cyg-
N48 is significantly wider than those of the H13CO+ line
owing to high-velocity H13CN emission. Except the E
core of Cyg-N48, the normalized velocity-integrated in-
tensities of the two lines show consistent profiles around
the intensity peaks, suggesting that the two molecules
are likely coexistent in the high-density regions of the
cores despite that their critical densities differ by almost
an order. The coexistence of H13CN/H13CO+ and their
isotopes have also been suggested in the early works of
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2000a,b, 2002; Lai et al. 2003) and been used in the stud-
ies of velocity dispersion spectrum (Li & Houde 2008; Li
et al. 2010; Hezareh et al. 2010; Hezareh et al. 2014). To
obtain the velocity dispersion spectra at different scales,
we smoothed the H13CN and H13CO+ channel maps to
spatial resolutions of 1.5, 2, and 2.5 times the synthe-
sized beams. The velocity dispersions in the line profiles
sampled at independent beams on the smoothed maps
are obtained with gaussian fitting using nonlinear least-
squares Marquardt-Levenberg algorithm for the H13CO+
4–3 line and with the HyperFine Structure fitting routine
in CLASS (or gaussian fitting if opacity < 0.1) for the
H13CN 4–3 six hyperfine lines (Table 4).
Figure 21 shows the H13CN/H13CO+ velocity disper-
sion spectra in Cyg-N38, Cyg-N48, and Cyg-N53. Here
we plot the dispersions that are at least three times larger
than the corresponding uncertainties and the difference
between the central velocities of H13CN and H13CO+
emission is smaller than the velocity resolution of our
data (0.7 km s−1). Figure 22 displays the H13CN and
H13CO+ line profiles at the positions with the minimum
velocity dispersions σn and σi at the smallest length
scale. The positions with the minimum velocity disper-
sions are denoted as cross marks in Figure 6, 12, and 14.
In Cyg-N48, although the H13CN and H13CO+ molecules
appear to be not coexistent in the core E, the position
with the minimum velocity dispersions locates in the low-
density envelope, and hence the derived physical parame-
ters using velocity dispersion spectrum should still be re-
liable. In each source, the minimum values of the H13CN
and H13CO+ velocity dispersions show a power-law cor-
relation to the length scales and a constant displacement
between the H13CN and H13CO+ spectra, in agreement
with the predicted features in velocity dispersions owing
to ambipolar diffusion in Li & Houde (2008).
The Kolmogorov-type power-law fits to the spectra are
represented as the dashed lines in Figure 21, along with
the fitting parameters (a, b, n) and the derived physical
parameters (VAD, LAD, Bpos) listed in Table 5. Here
we adopt the volume density of the sources in Paper I
as nn to derive Bpos (Equation 3). The uncertainties
in the Bpos is about a factor of few, which is domi-
nated by χe with a range of ∼ 106-108 (Caselli et al.
1998). Cyg-N38 and Cyg-N48 have LAD ∼ 10 mpc and
Bpos about few mG, compatible to the results of 17–21
mpc and 0.7–1.7 mG derived from the velocity disper-
sion spectra in Cyg-N44 and Cyg-N53 (Hezareh et al.
2010; Hezareh et al. 2014). Interestingly, the parameters
of b = 0.241 ± 0.026 and n = 0.522 ± 0.064 of Cyg-
N53 derived from the H13CO+ 1–0 data (Hezareh et al.
2014) are in perfect agreement with our values using the
H13CO+ 4–3 data, suggesting that the different H13CO+
transitions may have be emitted from an identical origin
in Cyg-N53. However, the parameter a of Cyg-N53 in
our analysis seems to be affected by the bad correlation
between H13CN and H13CO+ emission (Figures 19 and
20) and the blue-shifted wing in the H13CN spectrum
(Figure 21). Thus a of Cyg-N53 becomes an order of
magnitude different to the a in other cores of the DR21
filament, resulting in the extremely large values of LAD
and Bpos in Cyg-N53.
As compared to the 0.5–0.6 mG plane-of-the-sky mag-
netic field strengths derived from the dust polarization
observations (Paper I), the analysis of velocity disper-
sion spectrum seems to always give stronger magnetic
field strengths by at least a factor of 3. This might be
a reasonable result for two reasons. First, the analy-
sis of velocity dispersion spectrum assumes the ambipo-
lar diffusion to be the only source of linewidth differ-
ence between ionic and neutral line profiles, but different
spatial distributions or different excitation conditions of
the ionic and neutral molecules may also cause different
linewidths. For example, H13CN 4–3 line may trace re-
gions with higher densities than H13CO+ 4–3 line owing
to the higher critical density of the former. If the gas
dynamics such as outflows or infalls in the high-density
regions are faster than those in the low-density regions,
the linewidth of the H13CN line could become wider than
that of the H13CO+ line, resulting in an overestimation
of magnetic field strength. Second, the strength derived
from the dust polarization is an averaged strength of the
core, but the strength derived from the velocity disper-
sion spectrum is a local value at the location of narrowest
linewidth in both ionic and neutral line profiles. There-
fore, we suggest that the magnetic field strength derived
from velocity dispersion spectrum should be considered
as an upper limit with respect to the averaged magnetic
field strength in the core.
5. DISCUSSION
In Paper I, we showed complex Bpos in the massive
dense cores, in contrast to the ordered Bpos in the DR21
filament. We also derived Bpos strength and estimated
the kinematic, magnetic, and gravitational virial param-
eters. The Bpos strength is 0.6 mG in the filament and
0.4–1.7 mG in the massive cores, and the magnetic en-
ergy per unit mass (M/M = 12V 2A, where VA = B/
√
4piρ
is the Alfve´n speed at density ρ) of the filament is about
one order of magnitude higher than those of the cores.
The virial parameters show that the gravitational energy
in the filament dominates magnetic and kinematic ener-
gies, whereas the kinematic energy in the cores dominates
magnetic and gravitational energies. The conclusions of
Paper I that (1) the kinematics arising from gravitational
collapse is more important than magnetic fields during
the evolution from filaments to massive dense cores and
(2) the magnetic energy is decreasing from the filament
to the cores seem to be in good agreement with the anal-
ysis in Section 4.
First, the alignment between magnetic fields and ve-
locity gradients in the massive cores is consistent with
the finding that the kinematic energy is higher than the
magnetic energy. Besides the possible rotation in Cyg-
N43 and possible infall in Cyg-N43 revealed by our data,
gas dynamics including outflows (Duarte-Cabral et al.
2013, 2014), infalls (Csengeri et al. 2011b), and conver-
gent flows (Csengeri et al. 2011a) are found in the mas-
sive cores of DR21 filament, which can be the sources
of kinematic energy of the cores. Considering that there
are usually more than one kind of gas dynamics in each
of the core and the kinematic energy dominates the mag-
netic energy, the mix of the various kinds of gas dynamics
would distort the ordered magnetic fields in the filament
into the complex magnetic fields in the cores, making the
magnetic fields and the velocity gradients appear to be
randomly aligned in the cores. On the other hand, the
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ents would represent rotational motions. If the kinematic
energy is also larger than the magnetic energy in those
regions, we speculate that the rotational motions would
drag magnetic fields into toroidal structures, making the
magnetic fields and the velocity gradients become par-
allel in regions with significant velocity gradients. Con-
sidering that the angular resolutions of this work were
limited to resolve the rotational structures and the mag-
netic field structures inside the rotations, our hypothesis
of toroidal fields in rotating cores should be tested with
higher angular resolution observations.
Second, the existence of ambipolar diffusion in small
scales suggested by the analysis of velocity dispersion
spectra is consistent with the finding of decreasing mag-
netic energy from the filament to the massive cores. The
line profiles of ionic molecules are narrower than those
of neutral molecules in the DR21 filament (Houde et al.
2000a,b; Lai et al. 2003). The velocity dispersion spec-
tra of Cyg-N38, Cyg-N48, and Cyg-N53 in this work and
those of Cyg-N44 and Cyg-N53 in Hezareh et al. (2010);
Hezareh et al. (2014) are in agreement with the velocity
dispersions owing to ambipolar diffusion predicted in Li
& Houde (2008). While the studies of ionic and neutral
linewidths of the DR21 filament and the cores favor the
ambipolar diffusion models, the highest spatial resolu-
tion (∼ 0.02 pc or 5000 AU) of these studies still cannot
resolve the length scale of ambipolar diffusion. This in-
dicates that ambipolar diffusion might only exist in the
high density regions (> 106 cm−3) of the cores. If am-
bipolar diffusion exists and only exists in the high density
regions of cores, it should diffuse the magnetic energy of
the cores into their parent filament, leading to a smaller
magnetic energy of the cores than that of the filament.
In MHD simulations, the alignment between magnetic
fields and velocity gradients is expected to be perpen-
dicular in the regions without significant self-gravity
and be parallel in the regions dominated by self-gravity
(Gonza´lez-Casanova & Lazarian 2017; Yuen & Lazarian
2017a,b; Lazarian & Yuen 2018). Our results of the ran-
dom alignment between magnetic fields and gradients of
vlsr suggest that magnetic fields and gradients of total
velocity would be parallel aligned or randomly aligned in
the massive dense cores. Since the massive dense cores
are significantly self-gravitating, the supercritical regions
of the cores would have the collapsing material dragging
magnetic fields and velocity gradients into parallel align-
ment, and the trans-critical regions of the cores would
have the magnetic fields and velocity gradients appear
to be randomly aligned owing to the transition from be-
ing perpendicular aligned to becoming parallel aligned.
Therefore, our results seem to be consistent with the ex-
pectations of MHD simulations. In addition, our results
rule out the perpendicular alignment between magnetic
fields and velocity gradients, indicating that turbulence
might not be the dominate mechanism regulating the di-
rections of mass flows in the massive dense cores.
Our analysis of the alignment between magnetic fields
and velocity gradients suggests that the gas dynamics
would distort the magnetic field structures in the mas-
sive dense cores. Meanwhile, the analysis of the velocity
dispersion spectra suggests that ambipolar diffusion is
likely important in dissipating the magnetic energies of
the cores at scales smaller than 5000 AU. In high mass
star-forming regions G35.2–0.74 N, G192.16–3.84, and
NGC 6334 V, the magnetic field lines are found to be
likely dragged by gas dynamics such as rotations or con-
vergent flows (Liu et al. 2013; Qiu et al. 2013; Jua´rez et
al. 2017). The existence of ambipolar diffusion in star-
forming regions is also supported by the HCN and HCO+
velocity dispersion spectra in M17 and NGC 2024 (Li &
Houde 2008; Li et al. 2010). Therefore, the interactions
between gas dynamics and magnetic fields through the
process of the alignment between magnetic fields and ve-
locity fields and the process of ambipolar diffusion would
play important roles in determining the magnetic field
structures and magnetic energies in massive dense cores.
6. CONCLUSIONS
We present molecular line study of Submillimeter Ar-
ray in the 345 GHz band of five massive dense cores in
the DR21 filament. The main dynamical feature of the
cores from north to south are the following:
1. Cyg-N53 is the chemically richest core in our
sources with the detections of HDCO 51,4–41,3,
HC15N 4–3, and SO2 191,19–180,18 lines. A pair
of red- and blue-shifted outflows in the northeast-
southwest direction are revealed by the the CO and
SiO maps, and a red-shifted outflow at the south-
east part of the core is revealed by the SiO and SO
maps.
2. The line emission of Cyg-N51 and Cyg-N43 is
weaker than the other cores, indicating the poor-
est chemistry of the two cores. In Cyg-N51, out-
flows are revealed in the CO, SiO, and SO maps.
In Cyg-N43, the CO map reveals outflows, and
the CH3OH, SO, and H
13CN maps reveal a sig-
nificant velocity gradient of the core. The velocity
gradient of Cyg-N43 likely indicates a 0.1-pc-scale
Keplerian-like rotation.
3. The outflows of Cyg-N38 and Cyg-N48 are found
in the CO and SiO maps. In Cyg-N48, possible
infalls are found in the the SiO and SO maps, and
a significant velocity gradient of the core are re-
vealed by the H13CN and H13CO+ lines. Cyg-N38
and Cyg-N48 both show extended CH3OH and SO
filamentary emission between a velocity range of ∼
-2.5 to -4.5 km s−1. Since the upper energy levels
of the CH3OH and SO lines indicate that the fila-
mentary gas is warmer than the other regions, the
filamentary emission seems to be associated with
the N2H
+ convergent flows previously found in the
cores.
The velocity gradients of the cores derived from H13CN
and H13CO+ emission appear to be randomly aligned to
the magnetic fields inferred from dust polarization, im-
plying that the gradients of total velocity and magnetic
fields are parallel aligned or randomly aligned in the three
dimensional space. In addition, there is a hint of 0◦–45◦
alignment between velocity gradients and magnetic fields
in regions with significant velocity gradients, indicating
that the rotational motions might lead to a stronger
alignment between mass flows and magnetic fields than
the other regions of the cores. Together with the find-
ing in Paper I that the kinematic energy is higher the
9magnetic energy, the alignment between magnetic fields
and velocity gradients suggests that the gas dynamics
may distort the ordered magnetic fields in the filament
into the complex magnetic fields in the cores, and ob-
servations with higher angular resolutions are needed to
answer whether gas dynamics can determine directions
of magnetic fields in the cores.
We perform an analysis of H13CN/H13CO+ velocity
dispersion spectra and derive the plane-of-the-sky mag-
netic field strengths of 1.9 mG and 5.1 mG in Cyg-N38
and Cyg-N48, respectively. We suggest that the mag-
netic field strength derived from velocity dispersion spec-
trum should be considered as an upper limit with respect
to the average magnetic field strength derived from dust
polarization. The existence of ambipolar diffusion sug-
gested by the analysis of velocity dispersion spectra is
consistent with the finding in Paper I of decreasing mag-
netic energy from the filament to the massive cores, sug-
gesting that ambipolar diffusion is important in dissipat-
ing the magnetic energies of the cores at scales smaller
than 5000 AU.
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Table 1
Sample of Sources
Source
Pointing Center VLSR Other name
α (J2000) δ (J2000) (km s−1)
Cyg-N38 20:38:59.11 42:22:25.96 -2.5a DR21(OH)-W
Cyg-N43 20:39:00.60 42:24:34.99 -2.5a W75S-FIR1
Cyg-N44 20:39:01.20 42:22:48.50 -3.0b DR21(OH)
Cyg-N48 20:39:01.34 42:22:04.89 -3.5c DR21(OH)-S
Cyg-N51 20:39:02.40 42:24:59.00 -4.0a W75S-FIR2
Cyg-N53 20:39:02.96 42:25:50.99 -4.4c –
a Obtained from a Gaussian fit to the averaged H13CN 4–3 spectrum
of the entire core in this work.
b Girart et al. (2013)
c Duarte-Cabral et al. (2014)
Table 2
Detected Molecular Lines
Rest freq.
Molecule Transition
EU n
a
cr
(GHz) (K) (cm−3)
335.097 HDCO 51,4–41,3 56 –
335.582 CH3OH 71,7–61,6 A+ 79 3.2×105
344.200 HC15N 4–3 41 1.5×107
344.311 SO 88–77 87 –
345.340 H13CN 4–3 41 1.5×107
345.796 CO 3–2 33 1.5×104
346.528 SO 98–87 79 5.8×106
346.652 SO2 191,19–180,18 168 –
346.998 H13CO+ 4–3 42 2.9×106
347.331 SiO 8–7 75 8.4×106
a The critical densities ncr are calculated with ncr =
Aij/
∑
γij under optical thin assumption (Shirley 2015) at
a temperature of 20 K, except a temperature of 25 K for
SO2. The Einstein A coefficients and the collision rates
γij are obtained from the Leiden Atomic and Molecular
Database (Scho¨ier et al. 2005).
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Table 4
Spectroscopic values for H13CN 4–3 hyperfine
components
Rest Freq. (GHz) J F gup Aaij (s
−1)
345.3381613 4–3 4–4 9 1.19 × 10−4
345.3396586 4–3 3–2 7 1.74 × 10−3
345.3397693 4–3 4–3 9 1.78 × 10−3
345.3398148 4–3 5–4 11 1.90 × 10−3
345.3401382 4–3 3–4 7 2.42 × 10−6
345.3417462 4–3 3–3 7 1.53 × 10−4
a Private communication with Dr. Laurent Pagani
Table 5
Fitting parameters of velocity dispersion spectrum
Source
a b
n
VAD LAD Bpos
(km2 s−2) (km2 s−2 arcsec−2) (km s−1) (mpc) (mG)
Cyg-N38 -0.50 ± 0.17 0.69 ± 0.04 0.44 ± 0.04 0.31 4.9 1.9
Cyg-N48 -0.30 ± 0.12 0.20 ± 0.06 0.82 ± 0.15 0.34 17.2 5.1
Cyg-N53 -3.00 ± 0.42 0.23 ± 0.04 0.52 ± 0.08 0.84 1425 6.0 × 102
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Figure 1. A composite color image of DR21 filament of Spitzer 3.6 µm(blue), 4.5 µm(green) and 8.0 µm(red) images (Smith et al. 2006).
Contours represent the 850 µm emission mapped using SCUBA on JCMT (Matthews et al. 2009). The triangles denote the positions of
massive dense cores identified in the 1.2 mm continuum map of Motte et al. (2007). The six massive cores in this work are labelled with
their names.
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Figure 2. Spectra of the detected lines in the five massive dense cores in the SMA 345 GHz band. The spectra are averaged over an
area of ∼ 18 arcsec2 around the continuum peaks of the cores. To compare the cores which were observed in different spatial and spectral
resolutions, the spectra were uniformly resampled to a spatial resolution of 3.4′′ and a spectral resolution of 2.8 km s−1. The sources
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Figure 4. Velocity integrated intensity (moment 0) maps of the CH3OH 71,7–61,6 A+, SO 88–77, H13CN 4–3, SO 98–87, and H13CO+ 4–3
lines. The contour levels are -6, -3, 3, 6, 9, 12, 15, 20, 25, 30, 40, and 50 times the rms noises σ
CH3OH 71,7–61,6 A
+, N38
= 0.36, σSO 88–77, N38
= 0.54, σH13CN 4–3, N38 = 0.36, σSO 98–87, N38 = 0.53, σH13CO+ 4–3, N38 = 0.35, σCH3OH 71,7–61,6 A+, N43
= 0.32, σSO 88–77, N43 =
0.29, σH13CN 4–3, N43 = 0.29, σCH3OH 71,7–61,6 A+, N48
= 0.38, σSO 88–77, N48 = 0.32, σH13CN 4–3, N48 = 0.31, σSO 98–87, N48 = 0.35,
σ
H13CO+ 4–3, N48
= 0.34, σ
CH3OH 71,7–61,6 A
+, N51
= 0.32, σSO 88–77, N51 = 0.35, σH13CN 4–3, N51 = 0.26, σCH3OH 71,7–61,6 A+, N53
=
0.53, σSO 88–77, N53 = 0.58, σH13CN 4–3, N53 = 0.63, σSO 98–87, N53 = 0.58, and σH13CO+ 4–3, N53 = 0.59 in units of Jy beam
−1 km s−1.
The gray scale shows the SMA 880 µm continuum emission in units of Jy beam−1. In each panel, the primary beam is shown as a dotted
circle, and the synthesized beam is shown as a gray ellipse in the lower-left corner.
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Figure 5. Velocity integrated intensity maps of the red-shifted (red contours) and blue-shifted (blue contours) emission of the CO 3–2
(left panels) and SiO 8–7 (right panels) lines. The contour levels are 3, 6, 9, 12, 15, 20, 25, 30, 40, and 50 times the rms noises σCO, N38
= 0.76, σSiO, N38 = 0.31, σCO, N43 = 0.52, σCO, N48 = 0.70, σSiO, N48 = 0.29, σCO, N51 = 0.39, σCO, N53 = 4.2, and σSiO, N53 = 0.83 in
units of Jy beam−1 km s−1. The velocity ranges used to generate the maps with respect to the systematic velocities of the sources are
denoted in the brackets in units of km s−1. The gray scale shows the SMA 880 µm continuum emission. The arrows denote the axes of
the identified outflows. The asterisks and crosses in Cyg-N48 and Cyg-N53 denote the major and minor fragments of the cores (Bontemps
et al. 2010).
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Figure 6. Cyg-N53 CH3OH 71,7–61,6 A+, SO 88–77, H13CN 4–3, SO 98–87, and H13CO+ 4–3 intensity-weighted velocity (moment 1)
color images in units of km s−1 overlapped with the velocity integrated intensity maps in contours. The arrows denote the PV cuts with
the major cut at a P.A. of 118◦ determined by passing through the H13CO+ 4–3 integrated intensity peak and being perpendicular to the
NE-SW outflows. The crosses in the H13CN and H13CO+ panels denote the position (α, δ)J2000 = (20
h39m03.s4, 42◦25′52′′) with the
minimum velocity dispersions.
Figure 7. Cyg-N53 PV diagrams of the SO 88–77 (black), SiO 8–7 (blue), and H13CO+ 4–3 (gray scale) lines. The contour levels are 3,
6, 9, 12, 15, and 20 times the rms noises in Table 3. The dotted line labels the systematic velocity of Cyg-N53.
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Figure 8. Cyg-N51 CH3OH 71,7–61,6 A+, SO 88–77, and H13CN 4–3 intensity-weighted velocity (moment 1) color images in units of km
s−1 overlapped with the velocity integrated intensity maps in contours. The arrows denote the PV cuts with the major cut at a P.A. of
51◦ determined by passing through the H13CN 4–3 integrated intensity peak and being perpendicular to the CO 3–2 outflows.
Figure 9. Cyg-N51 PV diagrams of the H13CN 4–3 (black), SO 88–77 (blue), and CO 3–2 (gray scale) lines. The contour levels are 3,
6, 9, 12, 15, 20, 25, 30, and 40 times the rms noises in Table 3. The dotted line labels the systematic velocity of Cyg-N51.
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Figure 10. Cyg-N43 CH3OH 71,7–61,6 A+, SO 88–77, and H13CN 4–3 intensity-weighted velocity (moment 1) color images in units of
km s−1 overlapped with the velocity integrated intensity maps in contours. The arrows denote the PV cuts with the major cut at a P.A.
of 149◦ determined by passing through the H13CN 4–3 integrated intensity peak and being perpendicular to the CO 3–2 outflows.
Figure 11. Cyg-N43 PV diagrams of the H13CN 4–3 (black), CH3OH 71,7–61,6 A+ (blue), and SO 88–77 (gray scale) lines. The contour
levels are 3, 6, 9, 12, 15, 20, and 25 times the rms noises in Table 3. The black dotted line labels the systematic velocity of Cyg-N43. The
red lines show the PV curves of Keplerian rotation with a dynamical mass of 4 M/cos(i). The red dashed lines represent the Keplerian
rotation with masses ranging from 1 M/cos(i) to 10 M/cos(i).
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Figure 12. Cyg-N38 CH3OH 71,7–61,6 A+, SO 88–77, H13CN 4–3, SO 98–87, and H13CO+ 4–3 intensity-weighted velocity (moment
1) color images in units of km s−1 overlapped with the velocity integrated intensity maps in contours. The arrows denote the PV cuts
centered at the H13CO+ integrated intensity peak with a P.A. of 93◦ for the E-W cut and a P.A. of 172◦ along the north filament and a
P.A. of -173◦ along the south filament for the N-S cut. The crosses in the H13CN and H13CO+ panels denote the position (α, δ)J2000 =
(20h38m59.s1, 42◦22′26′′) with the minimum velocity dispersions.
Figure 13. Cyg-N38 PV diagrams of the SO 88–77 (black), SiO 8–7 (blue), and H13CO+ 4–3 (gray scale) lines. The contour levels are
3, 6, 9, 12, and 15 times the rms noises in Table 3. The dotted lines label the range of -2.5 to -4.5 km s−1 of the SO filamentary emission.
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Figure 14. Cyg-N48 CH3OH 71,7–61,6 A+, SO 88–77, H13CN 4–3, SO 98–87, and H13CO+ 4–3 intensity-weighted velocity (moment 1)
color images in units of km s−1 overlapped with the velocity integrated intensity maps in contours. The two main peaks are labeled as E
(east) and W (west). The arrows denote the PV cuts of the major axis (M cut), the east peak (E cut), and the west peak (W cut). The
P.A. of the major axis is 109◦ determined by the elongation of the integrated H13CO+ emission. The crosses in the H13CN and H13CO+
panels denote the position (α, δ)J2000 = (20
h39m02.s2, 42◦22′00′′) with the minimum velocity dispersions.
Figure 15. Cyg-N48 PV diagrams along the M, W, and E cuts of the SO 88–77 (black), SiO 8–7 (blue), and H13CO+ 4–3 (gray scale)
lines. The contour levels are 3, 6, 9, 12, 15, 20, 25, and 30 times the rms noises in Table 3. The red lines show the PV curves of free-fall
velocities of a 4 M central object. The red dashed lines represent the free-fall velocities with masses ranging from 1 to 10 M. The dotted
lines label the range of -2.5 to -4.5 km s−1 of the SO extended emission.
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Figure 16. Magnetic field orientations (magenta segments) and velocity gradient orientations (green segments) in the six massive dense
cores of DR21 filament. The contours represent the 880 µm dust continuum emission. The color scales represent the intensity-weighted
velocity maps of the sources. The shadowed regions represent the rotation-like regions of the cores. Because the computation of one velocity
gradient requires continuous detections of intensity-weighted velocities in seven pixels in the R.A. direction and in the Dec. direction, the
green segments only appear over partial regions of the intensity-weighted velocity maps.
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Figure 17. (a) Cumulative histograms of θBpos−(∇vlos)pos between the magnetic field orientations and the velocity gradient orientations
in the cores. (b) Normalized cumulative histograms of θBpos−(∇vlos)pos . The solid and dashed stepped lines represent the histograms
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Figure 18. Cumulative distribution functions from Monte Carlo simulations of the alignment between magnetic field and gradient of vlos
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Figure 20. H13CN 4–3 (black) and H13CO+ 4–3 (red) PV diagrams along the E-W cut in Cyg-N38, the M cut in Cyg-N48, and the
Major cut in Cyg-N53. The contour levels are 3, 6, 9, 12, 15, and 20 times the rms noises in Table 3. For each source, the normalized
spectra and the normalized velocity-integrated intensities of the two lines along the PV cuts are plotted at the right and top of the PV
diagram, respectively.
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Figure 21. Velocity dispersion spectra σ2 of H13CN (black) and H13CO+ (red) as a function of length scale L. The dashed lines represent
the Kolmogorov-type laws σ2n = bL
2 to the H13CN minimum σ2 values and σ2i = a+ bL
2 to the H13CO+ minimum σ2 values.
Figure 22. H13CN (black) and H13CO+ (red) line profiles corresponding to the minimum σ2 values at the smallest length scale. The
dashed lines represent the fitted Gaussian profiles. The vertical segments denote the relative strengths of the H13CN 4–3 six hyperfine
lines.
